Neuroinflammation is a pathological hallmark of ALS in both transgenic rodent models and patients, and is characterized by proinflammatory T lymphocytes and activated macrophages/microglia. In ALS mouse models, decreased regulatory T lymphocytes (Tregs) exacerbate the neuroinflammatory process, leading to accelerated motoneuron death and shortened survival; passive transfer of Tregs suppresses the neuroinflammation and prolongs survival. Treg numbers and FOXP3 expression are also decreased in rapidly progressing ALS patients. A key question is whether the marked neuroinflammation in ALS can be attributed to the impaired suppressive function of ALS Tregs in addition to their decreased numbers. To address this question, T lymphocyte proliferation assays were performed. Compared with control Tregs, ALS Tregs were less effective in suppressing responder T lymphocyte proliferation. Although both slowly and rapidly progressing ALS patients had dysfunctional Tregs, the greater the clinically assessed disease burden or the more rapidly progressing the patient, the greater the Treg dysfunction. Epigenetically, the percentage methylation of the Treg-specific demethylated region was greater in ALS Tregs. After in vitro expansion, ALS Tregs regained suppressive abilities to the levels of control Tregs, suggesting that autologous passive transfer of expanded Tregs might offer a novel cellular therapy to slow disease progression.
Introduction
Neuroinflammation is a hallmark of many neurodegenerative diseases and is a significant component of the pathology of ALS, a disorder that selectively destroys upper and lower motoneurons, resulting in death. ALS is a heterogeneous disorder with differing rates of progression and lengths of disease, and although neuroinflammation is a pathological feature, its role in the pathogenic process is still unclear (1, 2) . Multiple studies have addressed T lymphocyte infiltration in the CNS of patients with ALS, possibly related to the increased chemokine (C-C motif) ligand 2 (CCL2) levels, and the morphological activation of microglia (3) (4) (5) ; lymphocytes were found in the majority of patient spinal cords and along the vessels in the precentral gyrus extending into the areas of neuronal injury (6) (7) (8) (9) (10) . Our investigations found perivascular and intraparenchymal CD4 + T lymphocytes in the proximity of degenerating corticospinal tracts and ventral horns in two-thirds of ALS patients (11) . In the blood of patients with ALS, alterations in T lymphocyte populations have also been described as compared with controls (12) (13) (14) (15) (16) ; however, these studies do not address whether T lymphocytes directly or indirectly influence disease progression.
The innate and adaptive immune systems play pivotal and interdependent roles in regulating the rate of disease progression (2, 5, (17) (18) (19) (20) (21) (22) . In the ALS model of mice overexpressing mutant superoxide dismutase 1 (mSOD1), CD4 + T lymphocytes slowed disease progression, increased disease duration by 50%, modified the microglial phenotypes, and extended survival (19, 20, 22) . One population of T lymphocytes, the CD4 + CD25 hi FoxP3 + regulatory T lymphocytes (Tregs), were found to be increased at early, slowly progressing stages, and decreased during the rapidly progressing phase, possibly through the loss of FoxP3 expression
Neuroinflammation is a pathological hallmark of ALS in both transgenic rodent models and patients, and is characterized by proinflammatory T lymphocytes and activated macrophages/ microglia. In ALS mouse models, decreased regulatory T lymphocytes (Tregs) exacerbate the neuroinflammatory process, leading to accelerated motoneuron death and shortened survival; passive transfer of Tregs suppresses the neuroinflammation and prolongs survival. Treg numbers and FOXP3 expression are also decreased in rapidly progressing ALS patients. A key question is whether the marked neuroinflammation in ALS can be attributed to the impaired suppressive function of ALS Tregs in addition to their decreased numbers. To address this question, T lymphocyte proliferation assays were performed. Compared with control Tregs, ALS Tregs were less effective in suppressing responder T lymphocyte proliferation. Although both slowly and rapidly progressing ALS patients had dysfunctional Tregs, the greater the clinically assessed disease burden or the more rapidly progressing the patient, the greater the Treg dysfunction. Epigenetically, the percentage methylation of the Treg-specific demethylated region was greater in ALS Tregs. After in vitro expansion, ALS Tregs regained suppressive abilities to the levels of control Tregs, suggesting that autologous passive transfer of expanded Tregs might offer a novel cellular therapy to slow disease progression.
in Tregs; the suppressive effects of Tregs on the adaptive and innate immune systems have been documented (19, (23) (24) (25) (26) . Passive transfer of endogenous Tregs from ALS mice in the early disease stage into recipient ALS mice, without ex vivo activation, were also shown to sustain IL-4 levels and M2 microglia, lengthen disease duration, and prolong survival (19, 20) .
Tregs suppress both innate and adaptive immune reactions detrimental to the host, downregulate proinflammatory cytokine production, and can suppress the activation/expansion of CD4 + CD25effector T lymphocytes (Teffs). The passive transfer of ex vivo-activated Tregs was shown to suppress toxic microglial responses, upregulate glial cell-derived neurotrophic factor (CDNF) and TGF-β, and protected neurons in a model of Parkinson's disease (27, 28) . Recently, Tregs have been shown to directly steer the differentiation of macrophages and microglia toward an alternative M2 activation state (29) (30) (31) (32) (33) , and in turn, M2 cells induce Tregs which suppress Teffs (31, (34) (35) (36) . Treg-mediated suppression involves multicellular clusters consisting of responder T lymphocytes (Tresps), antigen-presenting cells, and membrane-bound and/or soluble inhibitory molecules. Tregs suppress T lymphocyte proliferation, downregulate proinflammatory cytokine production (IFN-γ and TNF-α), and directly inhibit IL-2 mRNA transcription. Therefore, Tregs are critically involved in suppressing inflammation induced by neurotoxic T lymphocytes and microglia/ macrophages, and since they play a prominent role in slowing the rate of progression in ALS mice, they are directly involved in modifying disease progression (17, 19, 20, 22) .
In blood leukocytes isolated from patients with rapidly progressing ALS, both numbers of Tregs and their FOXP3 protein expression were reduced, and these levels inversely correlated with rates of disease progression (37) . The mRNA levels of FOXP3, TGF-β, IL-4, and GATA-3, a Th2 transcription factor, were reduced in rapidly progressing patients and inversely correlated with progression rates; both FOXP3 and GATA3 were accurate indicators of progression rates. No differences in IL-10, TBX21 (a Th1 transcription factor), or IFN-γ expression were found between slow and rapidly progressing patients. Furthermore, receiver operating characteristic (ROC) analyses demonstrated that FOXP3 expression accurately reflected the progression rates of ALS patients from all stages of disease at the time of leukocyte collection. Thus, decreased FOXP3 levels in leukocytes during early phases of ALS may be a measure of disease progression rates and of predicted reduced survival.
In summary, data collected from ALS patients and mSOD1 mice, a model of human ALS, suggest that reduced Treg numbers and reduced FOXP3 mRNA levels are correlated with disease progression rates and decreased survival. However, it was still unknown whether the suppressive functions of Tregs from patients with ALS were compromised. Do ex vivo Tregs from patients with ALS lack suppressive capabilities compared with Tregs from healthy control volunteers, and if so, does the lack of suppression correlate with disease burden and rates of progression in these patients with ALS?
Results
Contamination with non-Tregs in the isolated Treg population. The purity of the Tregs was analyzed by flow cytometry. The percentage of CD4 + CD25 hi Tregs was equivalent between ALS patients and healthy volunteer controls (82%), and expressed variable levels of FOXP3. Additional analyses of the positively selected Tregs obtained from the patients with ALS and healthy controls that were subsequently used in these studies revealed that the number of CD3 + CD4 + CD25 hi CD127 + cells represented 3% (ALS, 2.8% ± 0.34 [n = 3]; healthy controls, 3.3% ± 0.30 [n = 3]; P = 0.33) of the total CD3 + CD4 + CD25 hi CD127 lo (Tregs) cells. Furthermore, this low number of CD3 + CD4 + CD25 hi CD127 + cells was similar between slowly and rapidly progressing ALS patients (slowly progressing, 2.6% ± 0.20 [n =3]; rapidly progressing, 2.8% ± 0.30 [n = 3]; P = 0.73). These results are consistent with a previous study that found the frequencies of CD4 + CD25 hi CD127 lo naturally occurring Tregs in patients with ALS and healthy controls were also not different (38) .
Treg suppression of Tresp proliferation. The Tregs from ALS patients were next evaluated for their ability to suppress the proliferation of their corresponding CD4 + CD25 -Tresps and compared with control Tresp/Treg cocultures. Patients with ALS and the healthy volunteer controls were age and gender matched (Supplemental Table 1 ). In addition, none of the patients with ALS had a family history of ALS, nor did they have evidence of genetic mutations, even in the absence of a family history. However, 10% of patients with sporadic ALS have C9orf72 hexanucleotide repeats, but there was no evidence of any mutant genes in the sporadic patients studied. Furthermore, all patients were diagnosed with definite or probable sporadic ALS according to revised El Escorial criteria of the World Federation of Neurology (39) . These studies were performed with IRB approval, and all patients with ALS and healthy volunteer controls signed a written informed consent, and in a non-blinded manner.
In these studies, we varied the number of Tregs and kept the number of Tresps constant. Although variable, the Tresps from each ALS patient, and those of the healthy controls, expanded to a similar extent (data not shown). We found that Tregs from patients with ALS exhibited reduced suppressive capacity on their corresponding Tresps across the entire range of Tresp/Treg ratios ( Figure 1A ). Plots of the individual patients from both groups showed a tight linear relationship between percentage of suppression and increasing ratio. Percentage of suppression also increased more in the control group compared with the ALS group. Using a mixed-effects linear model to evaluate the effects of group and ratio on percentage of suppression, both ratio and group were associated with percentage of suppression (P = 0.0001 for the interaction term). For the ALS group, percentage of suppression increased 11.7 points with each level increase in ratio (95% CI = [8.17, 15.26] , P < 0.0001). For the control group, the percentage of suppression increased 18.2 points with each level increase in ratio (95% CI = [15.08, 21.26], P < 0.0001). Across all measurements, the control group had values that were on average 6.9 points higher than the ALS group (95% CI = [0.476, 13.37], P = 0.036), and across both groups, percentage of suppression increased 14.2 points with each level increase in ratio (95% CI = [12.43, 15 .99], P < 0.0001). Thus, the percentage of suppression increased with ratio for both groups (P < 0.0001), but increased more for the control group (P = 0.0001), and on average, the control group had a higher percentage of suppression across all ratios compared with the ALS group (P = 0.036).
Slowly progressing patients' Tregs are more suppressive. When the ALS patients were subdivided into slow and rapid progression rates, as previously established (slow progression, < 1.5 Appel ALS [AALS] points/month; rapid progression, ≥ 1.5 AALS points/month) (37), the slowly progressing ALS patients' and control group's Tregs were found to be more suppressive than the rapidly progressing ALS patients' Tregs across all Tresp/ Treg ratios ( Figure 1B) . Again, using a mixed-effects linear model to evaluate the effects of group and ratio on percentage of suppression, both ratio and group were associated with percentage of suppression (P = 0.0001 for the interaction term). Across all measured points, the rapidly progressing ALS patients had values that were on average 26.7 points lower than the control group (95% CI = [-32.4, -21.0], P < 0.0001), and 18.7 points below slowly progressing ALS patients (95% CI = [-24.3, -13.0], P < 0.0001). Also, across all measured points, the slowly progressing ALS patients had values that were on average 8.1 points lower than the control group (95% CI = [-13.8, -2.27], P = 0.008), and that percentage of suppression increased 14.7 points with each level increase in ratio (95% CI = [13.2, 16.3] , P < 0.0001). In addition, rapidly progressing ALS patients' Tregs were different than Tregs from controls across all Tresp/Treg ratios (P < 0.001 at all ratios). Interestingly, the means plot showed a relatively small difference between the Tregs from slowly progressing ALS patients and the control group, but both groups exhibited a greater percentage of suppression than the Tregs from rapidly progressing ALS patients. These data suggested that ex vivo ALS patient Tregs were dysfunctional compared with Tregs obtained from the control group. While both slowly and rapidly progressing ALS patients had dysfunctional Tregs, the suppressive dysfunction was most marked in Tregs from rapidly progressing ALS patients. are more suppressive than patients with rapidly progressing ALS across all responder T lymphocyte/Treg suppression assay ratios (CD4 + CD25 -/CD4 + CD25 hi ). C, control; S, slowly progressing ALS patients; R, rapidly progressing ALS patients.
Treg suppression correlates with FOXP3 expression.
Since we determined that low FOXP3 levels in leukocytes from ALS patients obtained early in the disease accurately predicted future rapid progression rates and more importantly, low FOXP3 levels predicted reduced survival, the FOXP3 expression in leukocytes was correlated with the same patient's Tregs' suppressive function (37) . At the 1:1/2 Tresp/Treg ratio, the percentage of suppression was very strongly correlated with FOXP3 expression for control volunteers (R = 0.945, P < 0.001; Figure 2 ), slowly progressing ALS patients (R = 0.935, P < 0.001), and rapidly progressing ALS patients (R = 0.941, P < 0.001). Thus, confirming our previously published ROC analysis cutoff for FOXP3 mRNA expression relative to the control group for predictability (0.66, see Figure 1C ), the rapidly progressing ALS patients fell below this cutoff (37) . Although most of the slowly progressing ALS patients were above this cutoff, their Tregs lacked suppressive abilities. Additionally, for any given FOXP3 expression level, the suppressive function of ALS Tregs was decreased compared with the control group Tregs.
Treg suppressive deficiency correlates with disease burden and rate of disease progression. We also determined that ALS patients with low FOXP3 expression levels had increased impairment (disease burden) compared with patients with high FOXP3 levels. Slowly progressing ALS patients had an AALS score of 57.54 ± 3.22 points (n = 13), whereas the rapidly progressing patients had a score of 90.91 ± 7.83 points (n = 14): P = 0.001. We chose these patients based on our previously published human and mouse data (3, 4, 7) . In the human study, we showed that both numbers of Tregs and their FOXP3 protein expression levels were reduced in rapidly progressing ALS patients and inversely correlated with progression rates. Low FOXP3 was also correlated with reduced survival. In our animal studies using Tregs obtained from G93A SOD1 ALS (mSOD1) mice, a model of human ALS, we found that the passive transfers of Tregs obtained from mSOD1 mice in the late stage of disease had no effect on slowing the rate of disease progression in earlystage recipient mSOD1 mice. Furthermore, Tregs obtained from mSOD1 mice had no effect on slowing the rate of disease progression when the ALS mice were in the late phase of their disease. When the burden of disease (AALS points) at blood draw was compared with the 1:1/2 Tresp/Treg ratio for the percentage of suppression of Tresp proliferation, there was a correlation (R = 0.529, P = 0.008; Figure 3A ). Therefore, although the disease burden of the patients fell into 2 populations, the Treg dysfunction correlated inversely over the entire range of disease burdens. In addition, when the rate of disease progression (AALS points/month) at blood draw was compared with the 1:1/2 Tresp/ Treg ratio for the percentage of suppression of proliferation, there again was a correlation (R = 0.534, P = 0.006; Figure 3B ). Thus, the Treg dysfunction negatively correlated with both the burden of disease and the rate of disease progression; the more impaired or the more rapidly progressing the ALS patient, the greater the Treg dysfunction.
ALS patients' Tresps are not dysfunctional. A critical question is whether the decreased suppressive capability of ALS Tregs was truly due to a decrease in the function of Tregs rather than an increase in the resistance of activated Tresps to Treg-induced inhibition. Thus, mixing experiments were performed in which Tregs from ALS patients and the control group were cocultured with their autologous target cells, or the converse, target cells isolated from either the control group or ALS patients. The Tresps from each patient with ALS and the healthy volunteer control expanded to a similar extent; thus, no inherent differences were seen in the expandability of the 2 Tresp populations between groups. When assayed at the 1:1/2 Tresp/Treg ratio, Tregs from ALS patients could not suppress the proliferative response of target Tresps from either ALS patients or the control group (suppression of 42% and 39%, respectively; control Tresps/control Tregs vs. control Tresps/ALS Tregs, P = 0.034; control Tresps/ALS Tregs vs. ALS Tresps/control Tregs, P = 0.021; ALS Tresps/control Tregs vs. ALS Tresps/ALS Tregs, P = 0.004; control Tresps/control Tregs vs. ALS Tresps/ALS Tregs, P = 0.007; and control Tresps/control Tregs vs. ALS Tresps/control Tregs, P = 0.37; Figure 4 ). In contrast, in the reciprocal experiments, Tregs from the control group suppressed the proliferative response of target Tresps derived from both control and ALS patients (suppression of 64% and 63%, respectively). These data indicated that the primary regulatory defect was in the function of Tregs isolated from the circulation of ALS patients.
Epigenetic regulation of the FOXP3 locus. To determine whether the functionally distinct Tregs isolated from ALS patients exhibited unique FOXP3 epigenetic gene methylation patterns compared with Tregs from the control group, the methylation state of the region in the first intron of FOXP3, referred to as the Treg-specific demethylated region (TSDR), was investigated using the bisulphite sequencing technique. The level of Treg-specific demethylation has been shown to be a more specific and stable marker of human Tregs than FOXP3 mRNA expression. A caveat to this study was that the population of Tregs obtained from both ALS patients and the control group had a purity of 82% in comparison with the purity that could have been obtained with clonally derived Tregs. All 15 CpG islands that were investigated exhibited more methylation in the TSDR of Tregs from rapidly progressing ALS patients compared with the TSDR of slowly progressing ALS patients and the control group ( Figure 5A ). The TSDR methylation was especially enhanced in islands 12 through 15 in the rapidly progressing ALS patients compared with slowly progressing ALS patients and the control group (P < 0.001 rapidly progressing ALS patients vs. slowly progressing ALS patients or the control group). There were no differences across all 15 CpG islands between slowly progressing ALS patients and the control. Overall, the TSDR of the Tregs from rapidly progressing patients was more methylated than the TSDRs of Tregs isolated from either slowly progressing ALS patients or the control group (P < 0.001 and P < 0.001, respectively; Figure 5B ). Thus, the results related to decreased suppressive capacity of Tregs and methylation of the TSDR region in rapidly progressing patients as compared with slowly progressing patients, and with controls, was not due to an increase in contaminating CD3 + CD4 + CD25 hi CD127 + Tresps in the preparations.
In vitro expansion restores ALS patients' Tregs' suppressive abilities. It was also critical to determine whether Tregs from ALS patients were inherently dysfunctional, or whether they could regain their suppressive capabilities when removed from their endogenous environment and expanded in vitro. Circulating peripheral blood mononuclear cells (PBMCs) were obtained from patients with ALS and healthy controls, and then sent to a good manufacturing practice (GMP) facility, an FDA-mandated a system for ensuring that products are consistently produced and controlled according to quality standards. The PBMCs were enriched for CD4 + T lymphocytes by depleting CD8 + and CD19 + lymphocytes, and the CD4 + CD25 hi Tregs were then enriched by positive selection; the majority of the CD4 + CD25 hi Tregs expressed FOXP3. Prior to expanding the Tregs, a portion of the cells were evaluated for their ability to suppress autologous Tresps. In confirmation of our prior data, the ALS patients' Tregs had less ability to suppress their corresponding autologous Tresps at the 1:1 Tresp/Treg ratio ( Figure 6A ). In contrast, at the 1:1 Tresp/Treg ratio, the control group's Tregs suppressed their corresponding autologous Tresps. Thus, at baseline, the suppressive function of the ALS patients' Tregs was impaired compared with the control group's Tregs.
Since we have previously demonstrated in mSOD1 G93A mice that passive transfers of Tregs only had an effect of slowing the rate of disease progression when the mSOD1 G93A mice were in the slowly progressing phase of their disease, we selected slowly progressing ALS for Treg expansion studies; passive transfers of Tregs had no effect on slowing the rate of disease progression when the ALS mice were in the rapidly progressing phase of their disease (3, 4) . Thus, the remaining portions of the age-matched ALS patients' and control group's Tregs were expanded in vitro in the presence of IL-2 and rapamycin, which preferentially expands functional Tregs while suppressing the growth of Tresps, for a period of 4 weeks. Following completion, which showed a mean 15-fold (7.5-to 21-fold) increase in the numbers of Tregs, the ALS patients' and control group's Tregs were again evaluated for their ability to suppress autologous Tresps. The suppressive activity of the healthy control was 48% pre-expansion ([1 -(43.5%/83.6%)] × 100%) and 53.6% post-expansion. In contrast, the ALS-1 patient had 0% suppressive activity pre-expansion and 39.6% post-expansion. In the ALS-2 and ALS-3 patients, the pre-expansion was 0% and 1.7%, respectively, and 27.8% and 44.25 post-expansion, respectively. Thus, after expansion, the ALS patients' Tregs acquired the ability to suppress their corresponding autologous Tresps to nearly the same levels as observed with the control's Tregs at a 1:1 Tresp/Treg ratio ( Figure 6B ).
Discussion
Our focus on T lymphocyte responses was based on our earlier investigations in the mSOD1 transgenic model of ALS. The protective function of T lymphocytes was documented by the accelerated progression of disease and shortened survival of transgenic mice that overexpressed mSOD1 but lacked CD4 + T lymphocytes (19) . Tregs were suggested to be the specific subpopulation mediating protection based on their increased levels during early slowly progressing stages of disease, and their decreased levels during late rapidly progressing stages. More definitive evidence for their protective function was the demonstration that passive transfer of Tregs into recipient ALS mice lengthened disease duration and prolonged survival (20) .
Tregs were subsequently found to have a protective role in ALS patients: reduced Treg numbers and FOXP3 expression were associated with more rapid disease progression (37) . Low circulating levels of Tregs and FOXP3 expression were associated with increased mortality after 3.5 years, while higher levels of Tregs and FOXP3 expression were associated with lower mortality over the same period of time. Thus, circulating Tregs influenced disease progression rates, and early reduced FOXP3 expression levels were indicative of progression rates at the time of blood collection, and predictive of future rapid progression and attenuated survival.
In the present study, we documented that circulating Tregs in patients with ALS were less effective in suppressing Tresp proliferation compared with Tregs obtained from healthy volunteers. The suppressive dysfunction was most marked in rapidly progressing patients, although Tregs from both slowly and rapidly progressing ALS patients were dysfunctional. It has been established that inappropriate T lymphocyte responses in the CNS affect the pathogenesis of a broad range of neuroinflammatory and neurodegenerative disorders. However, to our knowledge, this is the first report documenting the dysfunction of Tregs in patients with slowly or rapidly progressing ALS, compared with Tregs obtained from healthy volunteers. ALS is a devastating neurodegenerative disorder with differing rates of progression and lengths of disease. While some ALS patients progress rapidly and survive only a year or two after diagnosis, other patients progress slowly and can survive 4-6 years or more after diagnosis with quality of life for prolonged periods. The present study provides evidence of altered Treg responses in patients with ALS, with the variable Treg suppressive functions contributing to these diverse rates of progression. Furthermore, these results are not confounded by high numbers of contaminating CD3 + CD4 + CD25 hi CD127 + cells, which would have skewed the results; the population of CD3 + CD4 + CD25 hi CD127 + cells was similar between patients with ALS and the samples obtained from healthy volunteers.
Tregs are cellular mediators of immunological tolerance that possess the capacity to suppress various types of immune responses. Active suppression by Tregs plays a key role in the control of self-antigen-reactive T lymphocytes and the induction of peripheral tolerance in vivo. Seminal experiments performed by Sakaguchi et al. showed that depletion of Tregs resulted in the onset of systemic autoimmune disease in mice (23) (24) (25) (26) . Furthermore, cotransfer of Tregs with Teffs prevented the development of experimentally induced autoimmune diseases such as colitis, gastritis, insulin-dependent autoimmune diabetes, and thyroiditis. Tregs are well-known immunoregulatory subsets that prevent activation and effector function of activated Tresps. Although autoreactive T lymphocytes are present in healthy individuals and patients with autoimmune disorders, autoreactive T lymphocytes found in patients with autoimmune diseases are more easily activated compared with those from healthy control volunteers.
Our recent study demonstrated that leukocytes obtained from patients with ALS at all stages of disease contained reduced numbers of CD4 + CD25 + Tregs; the numbers of Tregs inversely correlated with disease progression rates (37) . In rapidly progressing ALS patients, FOXP3 expression and fluorescence intensity of CD4 + FOXP3 + Tregs were reduced. The present study demonstrates that the Tregs are dysfunctional as well as being reduced in number. Tregs obtain immunosuppressive capacity by the upregulation of FOXP3, and persistent expression of this transcription factor is required to maintain their immune regulatory function and ensure immune homeostasis (25) . To investigate the kinetics and function of Tregs, an earlier study used a mouse model of orthotopic corneal transplantation, the most common form of tissue grafting worldwide (40) . Using in vitro functional assays and in vivo Treg adoptive transfer assays, this study showed that far more relevant than Treg frequency is their level of FOXP3 expression, which is directly associated with the potential of Tregs to prevent allograft rejection by producing regulatory cytokines and suppressing Teff activation.
The reduced intracellular FOXP3 protein expression in Tregs from patients with ALS was reflective of the FOXP3 mRNA expression in Tregs isolated from these patients. Rapidly progressing patients had less FOXP3 mRNA expression than slowly progressing patients and healthy volunteers. This confirms the earlier report demonstrating less FOXP3 in patients with ALS having a rapidly progressive disease (37) . In addition, at the 1:1/2 Tresp/Treg ratio, the percentage of suppression was strongly correlated with FOXP3 expression; the rapidly progressing patients all fell below the ROC cutoff of 0.66, again confirming the earlier report (37) . Furthermore, at this same 1:1/2 Tresp/Treg ratio, the percentage of suppression was correlated with both the burden of disease as measured by the AALS score, and the rate of disease progression in all patients with ALS. Again, this result underscores the dysfunctional aspects of the Treg responses from patients with ALS.
A potential concern was that the population of Tregs obtained from both ALS patients and the control group had a purity of 82% in comparison with the purity that could have been obtained with clonally derived Tregs. Although studies in mice have shown FoxP3 to be a direct marker of Tregs, FOXP3 has also been shown to be transiently upregulated upon activation of human Tresps (41, 42) . The upregulation of FOXP3 upon activation of Tresps in humans may result in an overestimation of Tregs. Even with the possible contamination of Tresps expressing FOXP3, we were still able to show that Tregs from patients with ALS were less suppressive compared with Tregs obtained from healthy volunteers. The more highly methylated TSDR of the rapidly progressing patients with ALS may aid in explaining why these cells were less suppressive than Tregs from either the slowly progressing patients with ALS or the healthy volunteer group. However, these data also suggested that the Tregs obtained from slowly progressing ALS patients were at least as suppressive on the proliferation of Tresps as the control group Tregs. Indeed, at the 1:1/8 and 1:1/4 CD4 + CD25 -Tresp/CD4 + CD25 hi Treg ratios, Tregs from slowly progressing patients with ALS were able to suppress the proliferation of their autologous Tresps as efficiently as the Tregs obtained from the healthy volunteers suppressed their autologous Tresps.
Stable FOXP3 expression is achieved through epigenetic modification of the TSDR, an evolutionarily conserved, CpG-rich, noncoding element within the first intron of the FOXP3 gene locus (43, 44) . The TSDR is demethylated only in Tregs stably expressing FOXP3 but is fully methylated in conventional CD4 + T lymphocytes, and when generated in vitro, Tregs only transiently express FOXP3 (43, 45) . To determine if the Tregs isolated from patients with ALS exhibited unique FOXP3 gene methylation patterns, the methylation state of the TSDR was examined using bisulphite sequencing. In the current study, the TSDR was determined to be more methylated in patients with ALS compared with the healthy volunteers. All 15 CpG islands exhibited more methylation in the TSDR of Tregs from patients with ALS having a rapidly progressing disease compared with the TSDR of patients with ALS having a slowly progressing disease. It is important to stress that these results were not influenced by the numbers of contaminating CD3 + CD4 + CD25 hi CD127 + cells because similar numbers of such cells were present in patients with ALS and the healthy volunteers.
It was also important to examine whether the loss of regulatory function could be explained by an increased resistance of activated Tresps to inhibition rather than decreased Treg function. To clarify this issue, we carried out mixing experiments in which patient and control Tregs were cocultured with the autologous and the converse target cells isolated from either healthy volunteers or patients with ALS. Tregs from patients with ALS were less effective in suppressing the proliferative response of target Tresps from either patients or healthy volunteers. In contrast, in the reciprocal experiments, Tregs from healthy volunteers suppressed the proliferative response of target Tresps derived from both volunteers and patients with ALS. These data indicate that the primary regulatory defect is in the function of Tregs isolated from the circulation of patients with ALS. Thus, the defect lies in the Treg function, as opposed to enhanced Tresp resistance in patients with ALS.
It was also important to determine if the loss of suppressive capabilities of the Tregs from patients with ALS was a permanent loss or if the suppressive function could be restored. Inappropriate T lymphocyte responses in the CNS affect the pathogenesis of a broad range of neuroinflammatory and neurodegenerative disorders. An earlier study reported a reduction in the functions of Tregs from patients with multiple sclerosis (MS), an autoimmune disease, compared with healthy volunteers (46) . These data were among the first to demonstrate a functional defect in Tregs in a human autoimmune disease, and suggested that impaired suppression of Tresp proliferation and function could contribute to disease progression. Our own studies in the mouse model of ALS suggested that Tregs might influence disease progression by modulating the activation state of microglia, as well as by suppressing Teffs (18, 19) . At early stages, increased Tregs were associated with increased IL-4 expression and levels of protective M2 microglia. At later rapidly progressing stages of disease, the decreased numbers of Tregs and the loss of FoxP3 were associated with decreased IL-4 expression, and increased expression of M1 microglial proinflammatory cytokines. Activated microglia increased with disease progression through the end stage as numbers of Tregs decreased (4, 5) . The passive transfer of endogenous Tregs from ALS mice restored IL-4 levels and markedly decreased microglial proinflammatory cytokines, prolonging disease duration and survival (20) .
The mechanism of Treg suppression of activated microglia in models of ALS was delineated with in vitro studies (47) . When cocultured with mSOD1 adult microglia, mSOD1 Tregs suppressed the cytotoxic microglial factors NOX2 and iNOS through secretion of IL-4, and was not dependent on CTLA-4 engagement or release of IL-10 or TGF-β. Furthermore, IL-4 inhibitory antibodies blocked the suppressive function of mSOD1 Tregs, and conditioned media from mSOD1 Tregs or the addition of IL-4 reduced microglial NOX2 expression. Thus, Tregs, and more specifically CD4 + CD25 hi Foxp3 + IL-4 + Tregs, can suppress neurotoxic microglial activation and augment survival of mSOD1 mice. Since Tregs directly promote the antiinflammatory alternative M2 activation state of macrophages and microglia (29) (30) (31) (32) (33) , dysfunctional Tregs would be anticipated to lose protective functions and enhance the proinflammatory state of macrophages and microglia. The pathogenic contribution of microglia was established by replacing mSOD1 CNS microglia with WT microglia or removing mSOD1 from microglia, resulting in prolonged survival of ALS mice (18, 21) . Thus, there is an interdependence between the innate and adaptive immune systems.
In the mSOD1 transgenic mouse model of ALS, the mechanism of Treg suppression of Tresps differed from the Treg suppression of activated microglia. IL-4 was insufficient to promote suppression of Tresp proliferation. WT Tregs, and mSOD1 Tregs from 100-and 160-day-old mice, were able to inhibit proliferation and cytotoxicity of their respective Tresps. The inhibitory capacity of 100-day-old mSOD1 Tregs on 100-day-old mSOD1 Tresps was mediated by the combination of IL-4, IL-10, and TGF-β. However, combination of blocking antibodies against IL-4, IL-10, and TGF-β did not alter the Treg inhibition of Tresps isolated from WT or 160-day-old mSOD1 mice, suggesting that WT or 160-day-old Tregs suppress Tresp function through cell-cell contact or other mechanisms. Therefore, multiple mechanisms operate in Tregmediated suppression of Tresps and various molecules may contribute to Tresp suppression; a particular mechanism may play a dominant role under a particular condition, with different mechanisms operating in differing situations (48) .
We also investigated whether the suppressive capabilities of the Tregs from patients with ALS were permanently altered or if the suppressive functions could be restored. When dysfunctional Tregs from patients with ALS were expanded in vitro in the presence of IL-2 and rapamycin, the latter of which preferentially expands functional Tregs while suppressing the growth of Tresps, the suppressive capacity of the Tregs from patients with ALS were restored and able to suppress their corresponding autologous Tresps to nearly the same levels as observed with healthy volunteer Tregs and their autologous Tresps. Thus, this finding demonstrates that the loss of suppressive capabilities of the Tregs from patients with ALS is not irreversible and can be restored. This also demonstrates the possible presence of a circulating or tissue factor in the blood of patients with ALS that actively inhibits the suppressive function of Tregs. However, it is also possible that expansion of ALS Tregs over a 4-week period, especially in the presence of rapamycin, selectively expands non-dysfunctional Tregs, and that the most impaired Tregs were not capable of expansion. This latter explanation may support the incomplete restoration of suppressive activity when compared with expanded Tregs from healthy volunteer controls.
These immune responses may occur within or outside the CNS, and the migration of antigen-specific CD4 + T lymphocytes from the periphery to the CNS can affect the inflammatory responses of resident glial cells as well as neuronal survival. These responses can either exacerbate neurotoxic responses or enhance neuroprotection (49) . The specific destructive or protective mechanisms of these interactions are possibly linked to the relative numerical and functional dominance of Tregs, and their immunomodulatory effects on Teffs and macrophages/microglia populations in vivo. Furthermore, the altered immunomodulatory effects of Tregs from patients with ALS do not necessarily depend upon effects within the CNS. Motoneuron axons, axon terminals, and the neuromuscular junction are outside the blood-brain barrier, and are readily accessible to circulating innate and adaptive immune cells. In animal models of ALS, the presence of monocytes/macrophages surrounding the degenerating peripheral nerve fibers is a clear and early event that occurs prior to the onset of clinical signs of motor weakness, and is associated with a "dying back phenomenon" (50) . In patients with ALS, a distal axonopathy is also a prominent pathological finding. Thus, the circulating dysfunctional Tregs in ALS could mediate effects peripherally, and need not enter the CNS to influence disease progression.
As mentioned earlier, a prior study demonstrated that patients with MS also have a loss of functional suppression of their Tregs (46) . Tregs from the peripheral blood of MS patients had reduced suppressive function compared with the healthy volunteers. Although ALS is not an immune-initiated disease, but rather a chronic neurodegenerative disorder that is clearly modulated by both innate and the adaptive immune systems, these is also a suppressive dysfunction of Tregs playing a prominent role. Type 1 diabetes mellitus (T1D) is another immune disease that occurs in genetically susceptible individuals. Patients with T1D have also been shown to have dysfunctional Tregs (51) . A phase 1 clinical trial to assess the safety of Treg adoptive immunotherapy in T1D demonstrated that ex vivo-expanded autologous and adoptively transferred CD4 + CD127 lo/-CD25 + Tregs were long lived, with up to 25% of the peak level remaining in the circulation 1 year after transfer. Additional immune studies showed transient increases in Tregs in recipients that retained a broad Treg FOXP3 + CD4 + CD25 hi CD127 lo phenotype long term. There were no infusion reactions or cell-therapy-related high-grade adverse events. These results support the development of a phase 2 trial to test the efficacy of the Treg therapy in patients with T1D. Again, although not a neurodegenerative disease, but an autoimmune disease, patients with T1D also have dysfunctional Tregs.
These data indeed suggest that ex vivo Tregs from patients with ALS lack suppressive capabilities compared with Tregs from healthy volunteers, and that the lack of suppression correlates with disease burden and rates of progression in these ALS patients. Thus, the ability of the ALS dysfunctional Tregs to regain their suppressive capabilities following removal from their environment and expansion in vitro suggests a novel therapeutic strategy for ALS patients. Since there are no meaningful therapies presently available for ALS, autologous transfer of expanded Tregs represents a promising approach for slowing disease progression in patients with ALS, as they did in transgenic animal models of ALS.
Methods
Isolation of Tregs and Teffs. After receiving IRB approval and written informed consent from patients diagnosed with definite or probable sporadic ALS according to revised El Escorial criteria of the World Federation of Neurology (39) , peripheral blood was drawn and processed for isolation of Tregs and Teffs. Briefly, the isolation of CD4 + CD25 + Tregs was performed in a 2-step procedure using a CD4 + CD25 + Regulatory T Cell Isolation Kit (Miltenyi Biotec). First, the non-CD4 + cells were indirectly magnetically labeled with a cocktail of biotin-conjugated antibodies. Then the CD4 + CD25 + Tregs were directly labeled with CD25 + MicroBeads and isolated by positive selection over a MACS column, which was placed in the magnetic field of a MACS separator. After removing the column from the magnetic field, the magnetically retained CD4 + CD25 + Tregs were eluted as a positively selected cell fraction. To increase the purity, the positively selected cell fraction was run in a second column. The isolated Tregs and Teffs were then cocultured at different ratios in the presence of a polyclonal stimulus using Miltenyi Biotec's Human Treg Suppression Inspector kit. When cultured alone, Tregs showed a hypoproliferative anergic response. In contrast, Teffs alone showed a proliferative response. Coculture of Tregs with Teffs at ratios ranging from 1:1 to 8:1 (Teffs/Tregs) resulted in reduced proliferation of Teffs as determined by 3 H-thymidine incorporation. We also performed mixing experiments in which patient and control CD4 + CD25 hi Tregs cells were cocultured with the autologous and the converse target cells isolated from either healthy control volunteers or ALS patients. Mixing experiments were performed in the presence of fixed accessory cells autologous to the CD4 + CD25responder Teffs.
Flow cytometry. Multicolor flow cytometry was used to assess the phenotype of CD4 + CD25 + Tregs. mAbs against the following surface molecules were used: CD3 BV650 (catalog 563851), CD8 BV450 (catalog 561426), CD4 APC-H7 (catalog 560837), CD25 PE (catalog 560989), and Live Dead Aqua (Molecular Probes, L34957). For intracellular staining, cells were fixed and permeabilized using the FoxP3/Transcription Factor Staining Buffer Set (eBioscience, 00-5523) following the manufacturer's instructions, and then stained with FoxP3 PE-Cy5.5 (eBioscience, catalog . Cells were acquired on the LSRFortessa cytometer (BD Biosciences), and data were analyzed using FlowJo software (TreeStar).
PBMCs were depleted of CD8 + T lymphocytes and CD19 + B lymphocytes using GMP-grade CD8 and CD19 microbeads (Miltenyi Biotec). The CD8/CD19-depleted fraction was then incubated with GMP-grade CD25 microbeads (Miltenyi Biotec), to enrich for CD4 + CD25 + T lymphocytes, following the manufacturer's instructions. All selection steps were performed manually using LS separation columns (Miltenyi Biotec). To isolate Tregs from the leukapheresis products, we used the depletion and enrichment tubing sets from CliniMACS (Miltenyi Biotec).
Bisulphite sequencing. Genomic DNA from isolated Tregs was extracted with the QIAamp DNA Blood Mini Kit (Qiagen) following the supplier's recommendations. Sodium bisulphite treatment of genomic DNA was performed according to Olek et al. (52) . A minimum of 60 ng bisulfite-treated (EpiTect; Qiagen) genomic DNA was used in a real-time PCR to quantify the FoxP3 TSDR. Real-time PCR was performed in a final reaction volume of 20 μl containing 10 μl FastStart Universal Probe Master (Roche Diagnostics), 50 ng/μl lambda DNA (New England Biolabs), 5 pmol/μl methylation or non-methylation-specific probe, 30 pmol/μl methylation or non-methylation-specific primers, and 60 ng bisulfite-treated DNA or an equivalent amount of plasmid standard. The samples were analyzed in triplicate on an ABI 7500 cycler (Life Technologies). In PCR amplification, uracils were replicated as thymidines. Thus, detection of a cytosine in sequencing reactions reflects methylation of the genomic DNA at that site. Detection of a thymidine at the same site reflects instead the absence of a methyl modification of the genomic cytosine.
Expansion of Tregs. Bead-selected CD4 + CD25 + T lymphocytes were suspended at a concentration of 0.5 × 10 6 cells/ml in TexMACS GMP media (Miltenyi Biotec) in the presence or absence of 100 nM of GMP-grade rapamycin (Miltenyi Biotec) and stimulated with MACS GMP ExpAct Treg Kit (Miltenyi Biotec) at a 4:1 bead-to-cell ratio. Six days later, 500 IU/ml of clinical grade human recombinant IL-2 (Proleukin; Chiron) was added to the culture. Fresh media containing rapamycin and IL-2 were added to the cells every 2 to 3 days. After 2 weeks of culture, cells were harvested, washed, and restimulated with the MACS GMP ExpAct Treg Kit at a 1:1 bead-to-cell ratio in the presence of rapamycin and IL-2. Fresh media containing rapamycin and IL-2 were replenished every 2 to 3 days. After 25 days of culture, cells were harvested and characterized.
Treg suppression assays. To determine the ability of Tregs to suppress the proliferation of Teffs in vitro, CFSE-stained (Life Technologies) CD4 + CD25 -T lymphocytes were stimulated for 3 to 5 days with anti-CD3/28 Dynabeads (Invitrogen) at 1:1 cell-to-bead ratio and cultured in the presence or absence of Tregs. Cells were harvested, washed, and stained for surface markers and CFSE dilution was used as a measure of cell proliferation. Samples were acquired on the FACSFortessa and data were analyzed using FlowJo software.
Statistics. A mixed-effects linear model was utilized to evaluate the effects of group and ratio on percentage suppression, which was the response variable. Fixed factors included ratio (treated as equally spaced, ordered categories), group (rapidly progressing ALS patients, slowly progressing ALS patients, or healthy control volunteers), and the interaction between ratio and group. 95% CIs were calculated. A random intercept and slope for each patient was modeled. Since all values at the ratio 1:0 were 0, this measurement point was omitted from the model. For other comparisons, an ANOVA or Student's t test was performed. Data are expressed as mean ± SEM and P values less than 0.05 were considered significant.
